Abstract-Dual-mode index modulation aided orthogonal frequency division multiplexing (DM-OFDM) is recently proposed, where subcarriers are partitioned into OFDM subblocks, divided into two groups within each subblock, and modulated by two differentiable constellation alphabets. In DM-OFDM, additional bits can be transmitted through indices of subcarriers modulated by the same constellation alphabet. In this letter, generalized DM-OFDM (GDM-OFDM) is proposed, where the number of subcarriers modulated by the same constellation mode in each subblock is alterable. By applying such enhancements, the spectral efficiency can be improved at the cost of marginal performance loss. Moreover, since the bit error rate performance of GDM-OFDM degrades at low signal-to-noise ratios, an interleaving technique is employed to address this issue. At the receiver, a maximum-likelihood detector and a reduced-complexity loglikelihood ratio detector are employed for demodulation. Simulation results demonstrate that the proposed GDM-OFDM is capable of enhancing the spectral efficiency compared with DM-OFDM at the cost of negligible performance loss, and the interleaved GDM-OFDM can harvest on performance gain over GDM-OFDM.
I. INTRODUCTION
O RTHOGONAL frequency division multiplexing (OFDM) has emerged as a promising technology due to its enormous merits, including the high spectral efficiency and the resistance to the multipath fading [1] . Besides, it provides an effective solution against inter-symbol interference (ISI) caused by a dispersive channel [2] . Therefore, OFDM has been widely applied in wireless standards, including digital video broadcasting (DVB), 802.11 a/g Wi-Fi, and 802. 16 WiMAX [1] , [3] , [4] .
Index modulation has been recently introduced to OFDM, where the information bits are transmitted using not only amplitude/phase modulation techniques, but also the indices of the activated subcarriers [5] - [7] . The index modulation technique is capable of increasing the power efficiency of the classical OFDM, since only part of the subcarriers are Project under Grant JCYJ20150401112337177, and in part by the EPSRC funded projects under Grant EP/N004558/1 and Grant EP/N023862/1. The associate editor coordinating the review of this letter and approving it for publication was A. García Armada.
T. Mao modulated, and additional information bits can be conveyed by indices of the modulated subcarriers [8] . Basar et al. [6] proposes OFDM with index modulation (OFDM-IM), which achieves performance gain compared with classical OFDM. However, it suffers from loss of the spectral efficiency, since only a fraction of subcarriers are modulated for data transmission. In [9] and [10] , OFDM-IM is combined with MIMO techniques to achieve enhanced performance over classical MIMO systems. OFDM-IM is also applied to visible light communications [11] and underwater acoustic communications [12] , which attains better bit error rate (BER) performance than conventional OFDM schemes. Besides, the interleaving technique is combined with OFDM-IM in [13] and [14] to further improve the performance of OFDM-IM. Furthermore, Fan et al. proposes generalized schemes of OFDM-IM in [15] , where the number of activated subcarriers in each OFDM subblock is variable. Through such enhancement, the spectral efficiency can be significantly enhanced compared with OFDM-IM. Recently, dual-mode index modulation aided OFDM (DM-OFDM) [16] has been proposed, where all the subcarriers are modulated by two distinguishable constellation alphabets. It is validated that DM-OFDM is capable of enhancing the BER performance of OFDM-IM at the same spectral efficiency. In this letter, the generalized DM-OFDM (GDM-OFDM) is proposed, where the number of subcarriers modulated by the same constellation alphabet is alterable and determined by the information bits of each OFDM subblock. Since there are more possible realizations of the OFDM subblock in GDM-OFDM than classical DM-OFDM, the total transmitted bits per subblock are increased, leading to the enhanced spectral efficiency. Moreover, an interleaving scheme is proposed to eliminate the correlation of the channel fading, attaining additional diversity gain in Rayleigh fading channels. At the receiver, a maximum likelihood (ML) detector and a reducedcomplexity log-likelihood ratio (LLR) detector are employed to demodulate the signals. Simulation results demonstrate that GDM-OFDM is capable of enhancing the spectral efficiency over classical DM-OFDM at the cost of negligible performance loss. Besides, the interleaved GDM-OFDM (IGDM-OFDM) presents its superiority over DM-OFDM in both the BER performance and the spectral efficiency.
II. DM-OFDM SYSTEM MODEL At the transmitter, N subcarriers are partitioned into g subblocks of length l = N/g [16] . The γ th subblock can be formulated as 
The index modulation operations can be clearly illustrated by Table I , where l = 4 and k = 2. With the aid of an index selector, the index pattern I A of each OFDM subblock can be determined by the n 1 = log 2 l k = 2 index bits. After the constellation mapping, an N-point IFFT operation is performed on the g subblocks, generating time-domain (TD) signals
. In this letter, the frequency-selective Rayleigh fading channel [6] is considered, where the length of the channel impulse response (CIR) L h is no larger than the CP length L cp . The TD CIR coefficients can be represented by III. PROPOSED GENERALIZED DM-OFDM Since the size of I A is fixed in classical DM-OFDM, the possible realizations of OFDM subblocks can be increased by implementing various sizes of I A in different subblocks, harvesting on higher spectral efficiency. Therefore, GDM-OFDM is proposed to enhance the spectral efficiency of DM-OFDM, where the number of subcarriers modulated by M A is no longer fixed, and the sizes of I A and I B are determined by the information bits. For each OFDM subblock, K is defined as the set containing possible sizes of I A . It is represented by
where T is the size of K . Unlike classical DM-OFDM, the index bits fed into the index selector is firstly used to determine the size of I A , denoted as k i (1 ≤ i ≤ T ), then k i subcarriers are selected to be modulated by M A , whilst the other (l − k i ) subcarriers are modulated by M B . Therefore, the number of possible OFDM subblock realizations is derived as
And the total information bits transmitted by each OFDM subblock is calculated as
Whilst for classical DM-OFDM, subcarriers modulated by M A in each subblock is restricted to a constant k A . Hence, the total information bits conveyed by each subblock can be represented as n DM = log 2
Since GDM-OFDM has much more possible realizations of OFDM subblocks, its spectral efficiency can be improved compared with classical DM-OFDM. For example, we assume that the length of subblocks is 4, and two differentiable quadrature phase shift keying (QPSK) are employed for modulation. For GDM-OFDM, given that K = {1, 3} and {0, 1, 2, 3, 4}, the number of information bits for each subblock is calculated to be 11 bits and 12 bits, respectively. Correspondingly, for the DM-OFDM counterpart of Table I , each subblock can only transmit 10 bits. From (2), it is indicated that enlarging the size of K is capable of enhancing the spectral efficiency of GDM-OFDM, and the maximum spectral efficiency can be achieved when K = {0, 1, 2, · · · , l}. However, GDM-OFDM may suffer from performance loss and large computational complexity due to the increased number of subblock realizations. Therefore, a tradeoff is required between the spectral efficiency and the BER performance as well as the computational complexity.
At the receiver, the frequency-domain (FD) signals X r = X r (1), X r (2), · · · , X r (N) is demodulated by a ML detector. Define X as the set containing all the realizations of the OFDM subblock. The transmitted symbols and its corresponding index pattern for the γ th subblock can be calculated by minimizing the following metric as
where X (γ )
representing the FD channel coefficients. After the detection, the information bits transmitted by the constellations and the index pattern can be readily demodulated using a look-up table that maps the realizations of OFDM subblocks to the information bits. From (3), the computational complexity in terms of multiplications is on the order of O T i=1
. Due to its exponentially increasing complexity, the ML detector tends to be inefficient as the coefficients N A , N B , T , and l become larger.
To address the complexity issue, a reduced-complexity log-likelihood ratio (LLR) based detector is proposed. Each subcarrier is either modulated by M A or by M B . Hence, in order to obtain the transmitted symbol of the αth subcarrier for α = 1, 2, · · · , N, the logarithm of the ratio between the posteriori probabilities of whether the subcarrier is modulated by M A or by M B is calculated as
where
A denotes the j th element of M A and S
(q)
B is the qth constellation of M B . Since the size of I A is k i , (4) can be further simplified using the Bayes' formula as [16] η(α) After that, the optimal constellation symbols and the corresponding index pattern for the γ th OFDM subblock among all the possible I Ak i and theX k i for i = 1, 2, · · · , T can be determined by minimizing the following ML metric as
After the detection, information bits can be easily demodulated using a look-up table, which is similar to the operations of the proposed ML detector. Although the reduced-complexity LLR detector is near-optimal, the computational complexity in terms of complex multiplication is on the order of lT (N A + N B ) per subblock, which is much lower than the ML detection. Hence, the LLR detector is preferred for practical GDM-OFDM systems with large N A , N B , T , and l. When the Rayleigh fading channel is considered, GDM-OFDM may suffer from performance loss due to the highlycorrelated channel fading [13] . To reduce the correlation of FD channel coefficients, an interleaving technique is applied to GDM-OFDM, where the g ×l matrix consist of g subblocks is passed through an interleaver l×g , before being fed into the IFFT module in a row-by-row manner. At the receiver, after the FFT operation, the FD signals and the channel coefficients H are firstly deinterleaved and then processed by the detector. The BER performance of IGDM-OFDM is believed to be significantly improved compared with GDM-OFDM, since the signals in each OFDM subblock can be transmitted through uncorrelated channels to attain additional diversity gain. 
IV. SIMULATION RESULTS AND DISCUSSION
The performance of GDM-OFDM is compared with DM-OFDM under both the frequency-selective fading channel and the additive white Gaussian noise (AWGN) channel, where the ML detector and the LLR detector are employed. Moreover, the performance of the interleaving technique is also investigated. In the simulations, the IFFT size N equals 128. For the size of OFDM subblocks, since the computational complexity of the ML detector for both the proposed GDM-OFDM and DM-OFDM increases exponentially with the subblock size, it is set as a relatively small value of 4 for practical use. Besides, the lengths of the CIR coefficients and the CP are 10 and 16.
The performance comparison between GDM-OFDM and DM-OFDM using the ML and LLR detectors under the Rayleigh fading channel and the AWGN channel is depicted in Fig. 1 , where M A = {−1 − j, 1 − j, 1 + j, −1 + j} and
The proposed GDM-OFDM with K = {1, 3} harvests on a 0.22bits/s/Hz spectral efficiency gain over conventional DM-OFDM, and even a 0.8dB SNR gain is attained under the AWGN channel, because higher spectral efficiency can reduce E b , yielding smaller needed E b /N 0 . Besides, under the Rayleigh fading channel, GDM-OFDM with K = {0, 1, 2, 3, 4} achieves even higher spectral efficiency of 2.67bits/s/Hz at the cost of slight performance loss than DM-OFDM. Although the detection complexity of the proposed GDM-OFDM is increased for the spectral efficiency gain, the computational complexity of the LLR detectors in the proposed GDM-OFDM, which is calculated to be O (lT (N A + N B ) ), is acceptable and may not be an critical issue for implementation. Moreover, under both channel conditions, the LLR detector presents marginal performance loss but reduces the computational complexity significantly compared with the ML detection, indicating that the LLR detector is more preferred in practical use.
The impact of higher-order constellations on the performance of the proposed GDM-OFDM is also investigated, as shown in Fig. 2 , where two different 16-QAM constellations illustrated in [16] are applied. It can be seen that the proposed GDM-OFDM with K = {1, 3} enhances the spectral efficiency by 0.22bits/s/Hz over DM-OFDM without performance loss, implying that the proposed GDM-OFDM outperforms conventional DM-OFDM using high-order constellations. Additionally, the performances of GDM-OFDM and DM-OFDM with and without the interleaving technique is presented in Fig. 3 , where the frequency-selective Rayleigh fading channel is considered. At the BER level of 10 −3 , IGDM-OFDM harvests on about 1.5dB and 0.8dB performance gains over GDM-OFDM and the interleaved DM-OFDM (IDM-OFDM), respectively, indicating that the interleaving technique can improve the BER performance of index-modulated OFDM systems, and IGDM-OFDM is capable of enhancing the performance of IDM-OFDM with even higher spectral efficiency.
The performances of the coded GDM-OFDM, DM-OFDM and OFDM systems are shown in Fig. 4 , where LDPC codes in IEEE 802.11 are utilized with the code length of 648. BPSK is applied in OFDM, whilst two distinguishable BPSK schemes {1, −1} and {j, −j} are used for index modulation. Two different code rates 1/2 and 2/3 are used in GDM-OFDM, whilst the code rates for DM-OFDM and OFDM equal 2/3 and 5/6, respectively. It can be seen from Fig. 4 that GDM-OFDM still outperforms DM-OFDM and conventional OFDM in coded systems with improved spectral efficiency.
V. CONCLUSION In this letter, GDM-OFDM is proposed, where subcarriers are partitioned into subblocks, and all the subcarriers in each OFDM subblock are modulated by two different constellation alphabets, conveying additional information bits through subcarrier indices. Unlike the classical DM-OFDM, the number of subcarriers modulated by either constellation alphabet is no longer fixed, yielding more possible realizations of OFDM subblocks. Hence GDM-OFDM is capable of significantly enhancing the spectral efficiency. Moreover, an interleaving technique is employed to eliminate the correlation of FD channel coefficients under the frequency-selective Rayleigh fading channel, harvesting on additional diversity gain. The simulation results demonstrate that GDM-OFDM attains higher spectral efficiency than DM-OFDM at the cost of marginal performance loss, and IGDM-OFDM outperforms DM-OFDM in both the BER performance and the spectral efficiency.
